Background {#s1}
==========

White rot fungus such as *Trametes versicolor* is a good candidate for biodegradation of aromatic compound in soil. Their oxidative capacity using enzymatic methods for the transformation of aromatic compounds occur at an extra-cellular environment and hence do not require internalization prior to degradation. Among the oxidative enzymes, laccase from *Trametes versicolor* has been reported to be involved in degradation. Laccases (E.C. 1.10.3.2) are members of the ubiquitous blue multi-copper oxidase family. They catalyze the oxidation of a range of organic substrates such as phenols, aromatic amines and non-phenolic compounds by reducing molecular oxygen to water \[[@R01]\].

Most of these enzymes are extra cellular in nature. In some species, they occur as isozymes in both extra- and intracellular environments. Laccases are widely distributed ranging from plants, insects, fungi to bacteria \[[@R02]\]. Their role in synthesis and/or degradation of the biopolymer lignin is well known \[[@R03]\]. However, their physiological function is still under intense investigation for potential improvement in biotransformation reaction kinetics. Laccases are exploited in biotechnology applications and soil/water bioremediation \[[@R04],[@R05]\].

The evolutionary trace (ET) analysis is developed by Olivier Lichtarge in 1996 \[[@R06]\]. This method relies on both sequence and structural information to analyze functional sites of a protein or group of proteins. It identifies the conserved amino acid residues in an alignment and maps the information onto known 3D protein structures. This method exploits the fact that residues which are important to the structure or function of a protein tend to be conserved across species.

Advancement in protein engineering enables to design enzymes displaying activity and adaptation under optimized process conditions. The design of industrial enzymes is laborious, expensive and time consuming. Hence, prediction of desired properties using ET analysis is received among bio-catalysts scientists. Here, we describe the application of ET by computational mutagenesis towards the design of laccase with broad substrate specificity.

Methodology {#s2}
===========

Dataset {#s2a}
-------

Homologous sequences of laccase from *Trametes versicolor* with SWISS PROT accession number Q96UT7 were obtained from SWISSPROT database \[[@R07]\]. We used 31 protein sequences with identities more than 50% were selected using BLASTP \[[@R08]\] and aligned with ClustalW \[[@R09]\] using Gonnet protein weight matrix \[[@R10]\]. A rooted phylogenetic tree based on Neighbor-Joining algorithm was built from the multiple sequence alignment and visualized by PhyloDraw \[[@R11]\].

Evolutionary trace analysis {#s2b}
---------------------------

Multiple sequence alignment and phylogenetic tree were then used for ET analysis \[[@R06]\]. The sequences on different branches of the phylogram were assembled into different groups. The classes were generated by dividing the phylogram with evolutionary time cutoff lines. We then generated 4 different partition identity cutoffs (PICs), P1 to P4 based on the phylogram. In the phylogram, all the sequences originate from a common node in any given single partition generated by the partition cutoff line in the same group. Sequences within different groups, in a given partition were separately aligned, and the resultant aligned groups were compared to derive their consensus residues for specific partitions. Consensus residues from the multiple sequence alignment were classified as neutral, conserved and group-specific. Neutral residues are amino acids that are not conserved whereas conserved residues are the conserved in the multiple sequence alignment. Group-specific residues are amino acid residues that are conserved within the group, but they differ from one group to another. The trace residues were then mapped onto the known 3D structures of laccase (1KYA) \[[@R12]\] obtained from Protein Data Bank (PDB) \[[@R13]\] and the mapped structure visualized by Rasmol \[[@R14]\].

Assignment of active site residues {#s2c}
----------------------------------

The crystal structure of laccase from PDB ID 1KYA complexed with 2, 5-xylidine (XYD) was visualized in Rasmol to identify the amino acid residues at the active site. We defined the ligand binding site in 1KYA as the amino acid residues within 5Å distance from the ligand, XYD. All the amino acids within the defined distance are considered as active site region in our analysis.

Discussion {#s3}
==========

Laccase from *Trametes versicolor* was used as seed sequence in our analysis because it was reported as an important factor for successful bioremediation of phenolic wastewater by *Trametes versicolor* \[[@R15]\].

Active site residues {#s3a}
--------------------

Ligand binding site analysis of 1KYA complexed with XYD ligand showed 10 amino acid residues within the distance defined as ligand binding site (Table 1 in [supplementary material](#SD1){ref-type="supplementary-material"}). These amino acid residues are considered as active site residues in our analysis. Among them, 206Asp has been reported to have a hydrophilic interaction with the ligand. Other residues involved in the hydrophobic protein-ligand interaction are 162Phe, 164Leu, 265Phe, 392Gly and 458His. Moreover, 458His forms hydrogen bonding with the ligand and coordinates the copper C1 atom that functions as the primary electron acceptor. On the other hand, 332Phe, 337Phe, 391Pro and 455Ile are not showing any interaction with the ligand but they outline the cavity of the binding site.

Phylogenetic tree and ET analysis {#s3b}
---------------------------------

We obtained 31 homologous sequences to paccase from *Trametes versicolor* with SWISS PROT accession number Q96UT7 from the SWISS PROT database. All the sequences analyzed originate from fungi with two different orders (Agaricales and Polyporales), except for Q12571 from *Basisiomycetes PM1* which is yet to be classified. They vary in length from 517 to 533 residues with Q96UT7 having 520 residues should be noted. The homologous sequences were aligned and a rooted phylogenetic tree was generated as described in the methodology section. The phylogenetic tree is used in the ET algorithm based on the patterns of the members in the tree ([Figure 1](#F1){ref-type="fig"}). The first node divides the phylogenetic tree into two major branches and we thus we defined it as our first cutoff partition (P1) in ET analysis. Members of the order of *Agaricales* (gilled mushrooms) are grouped in one branch in P1 except for Q6RYA5 from *Flammulina velutipes*. We generated another 3 cutoff partitions (P2, P3 and P4) in the ET analysis. Further analysis on P4 gave 5 groups as shown in [Figure 1](#F1){ref-type="fig"}. Laccases from the order of *Agaricales* are grouped in G1 with cutoff partition P4. Q8WZG3 from *Lentinula edodes* is the only laccase from *Agaricales* outside G1 and it remains in cutoff partition P4 analysis as a member of G2. All members of the other groups are from the order of Polyporales which are basidiomycetes lacking soft gills, with all the *Trametes* and *Pycnoporus* species grouped in G4.

Trace residues at the ligand binding site {#s3c}
-----------------------------------------

Consensus sequences derived from the entire cutoff partitions were aligned and compared with the amino acid sequence of Q96UT7 ([Figure 2](#F2){ref-type="fig"}). We found 4 amino acids detected as conserved residues and no group specific residue was detected at the ligand binding site of 1KYA. The trace status of amino acid residues at the ligand binding site is given in Table 1 ([supplementary material](#SD1){ref-type="supplementary-material"}). The data shows that 392Gly was not a conserved residue until cutoff partition P4. Consistent with the findings in the structural data of 1KYA in which 206Asp and 458His are essentially contributed to the ligand binding site of laccase by the formation of hydrogen bonding with ligand \[[@R12]\]. We observed 206Asp and 458His within the defined ligand binding site cavity to be conserved.

We analyzed the amino acid sequence alignment of all laccases at the binding site to search for possible amino acid positions that could be manipulated by site-directed mutagenesis experiments to design laccase with broader substrate spectrum. All of the trace residues that are neutral at the binding site are non-polar amino acid (162Phe, 164Leu, 265Phe, 332Phe, 337Phe and 391Pro). In most cases, they show variation in alignment with other non-polar amino acids ([Figure 3](#F3){ref-type="fig"}). We assumed that these are good sites for mutation. This is especially true with 162Phe that was aligned with much smaller non-polar amino acids such as valine and leucine in the multiple sequence alignment ([Figure 3](#F3){ref-type="fig"}). The alignment suggested that non-polar property is more important than aromatic property of phenylalanine at this position. Hence, we could suggest 162Phe 1as a good candidate for mutagenesis by changing with another non-polar amino acid yet small. This gives more space in the binding cavity for the entry of larger substrates.

Conclusion {#s4}
==========

We identified evolutionarily important amino acid residues at the ligand binding site of laccase using ET analysis. We also identified neutral residues at the binding site of laccase forming cavity in the binding site. These residues and in particular 162Phe is a target site for further structure-function experimental probing. Our findings provide a foundation to the design of laccase with a broader substrate spectrum for further expansion of laccase application in industry and bioremediation.

Supplementary material
======================

###### Data 1

![Evolutionary trace based dendrogram of selected laccases from SWISS PROT database. Partition cutoffs P1 to P4 are shown as vertical lines. Boxed are the group members of P4.](97320630002369F1){#F1}

![Consensus sequences from all partition aligned with amino acid sequence of Q96UT7. The numbering of amino acid sequence on Q96UT7 is according to the 1KYA. Asterisk amino acids were defined as ligand binding site amino acids.](97320630002369F2){#F2}

![Multiple sequence alignment of laccases at the ligand binding site of 1KYA.](97320630002369F3){#F3}
